Prader-Willi Syndrome (PWS) is a neurodevelopmental disorder causing social and learning deficits, impaired satiety and severe childhood obesity. Genetic underpinning of PWS involves deletion of a chromosomal region with several genes, including MAGEL2, which is abundantly expressed in the hypothalamus. Of appetite regulating hypothalamic cell types, both AGRP and POMC-expressing neurons contain Magel2 transcripts but the functional impact of its deletion on these cells has not been fully characterized. Here, we investigated these key neurons in Magel2-null mice in terms of the activity levels at different energy states as well as their behavioral function. Using cell type specific ex vivo electrophysiological recordings and in vivo chemogenetic activation approaches we evaluated impact of Magel2 deletion on AGRP and POMC-neuron induced changes in appetite. Our results suggest that POMC neuron activity profile as well as its communication with downstream targets is significantly compromised, while AGRP neuron function with respect to short term feeding is relatively unaffected in Magel2 deficiency.
Introduction
Prader-Willi Syndrome (PWS) is a complex neuro-developmental disorder characterized by insatiable appetite, childhood obesity, social and learning deficits (1) (2) (3) (4) . Genetic defects underlying PWS involve paternal loss of the 15q11-q13 region that contains the protein coding genes MKRN3, MAGEL2, NDN, NPAP1 and SNURF-SNRPN. Among these proteins, MAGEL2 is highly and almost exclusively expressed in the hypothalamus, suggesting that its absence may contribute to impaired energy homeostasis (5) (6) (7) . In addition to its deletion in PWS, truncating point mutations of paternal MAGEL2 allele cause Schaaf-Yang syndrome, which has overlapping phenotype with PWS (7, 8) .
Mice with Magel2 gene deficiency display increased weight gain and adiposity accompanied with high leptin levels (9) . Within the hypothalamus, Magel2 is densely expressed in the arcuate nucleus (ARC) (10, 11) , which harbors distinct neuronal populations that antagonistically regulate appetite and energy expenditure (12) . Both, orexigenic AGRP-expressing neurons and anorexigenic POMC-expressing neurons have been reported to contain Magel2 transcripts (13) . Recent studies showed that in Magel2 deficient mice, POMC neurons have impaired leptin response that may be caused by reduced LepR trafficking to the cell surface (14) (15) (16) . Furthermore, Magel2 knock-out mice appear to be hypersensitive to MC4R activation and display reduced POMC-neuron axon arborization phenotype (10, 14, 15, 17) .
These studies suggest that altered leptin sensitivity in POMC neurons may contribute to impaired energy balance; however, whether similar disruptions take place for AGRP neurons have not been investigated. More importantly, it is not known how the lack of Magel2 affects behavioral function of POMC neurons. † These authors contributed equally to this work. In the present study, we used a combination of ex vivo electrophysiology and chemogenetic behavioral analysis to characterize the activity levels of both AGRP and POMC neurons in Magel2 null background and examined whether these neurons can still engage with downstream circuits to positively or negatively influence food intake, respectively. Our results suggest that while voracious feeding phenotype of AGRP neuron activation remains unaffected, POMC neuron activity patterns as well as its satiety-inducing function are significantly impaired.
Results
Loss of Magel2 alters baseline firing properties of POMC but not AGRP neurons Dysfunction in hypothalamic feeding circuits may underlie increased adiposity and late onset weight gain seen in Magel2 deficient mice. To investigate how baseline activities of AGRP and POMC neurons from Magel2 null mice compare with those seen in wild-type littermates, we used florescence guided looseseal recordings from acute brain slices in which neuronal internal milieu is kept relatively intact. To achieve this, we labeled AGRP neurons in 6-7 weeks old Agrp-cre or Agrp-cre::Magel2 þm/Àp double transgenic mice using Cre-recombinase-dependent Green Fluorescent Protein (GFP) expressing virus, rAAV2/8-FLEX-GFP and waited for 10-14 days for transgene expression (Fig. 1A  and B) . Under ad libitum feeding conditions, baseline firing rates of AGRP neurons were similar in Agrp-cre or Agrpcre::Magel2 þm/Àp mice as measured from acute brain sections ( Fig. 1C and E) . Previous reports have shown defective compensatory refeeding response following food deprivation in Magel2 null mice (14) , which may be caused from insufficient AGRP neuron activation upon starvation. We therefore measured whether AGRP neuron activity can properly adapt to food 1C and E). Instantaneous firing rates were comparable in all groups (Fig. 1F) . Deficits in leptin receptor function have been cited in POMC neurons with Magel2 deletion (14-16) but how this defect influences baseline POMC neuron activity has not been described. We hypothesized that leptin insensitivity in these mice may result in reduced baseline activity levels in POMC neurons. To test this, we compared POMC neuron firing rates under fed state, which was significantly lower in Pomc-cre::Magel2 þm/Àp mice compared with Pomc-cre littermates (recorded from 8 to 9 weeks old mice, Fig. 2A and E). Interestingly, a closer examination of firing patterns revealed that, POMC neurons from Magel2 null mice had significantly lower instantaneous firing rates (Fig. 2F) . Collectively, these results suggest that Magel2 gene product is required for normal POMC neuron firing pattern, while it is dismissible for the baseline activity levels of AGRP neurons and their ability to respond to negative energy balance.
Impact of AGRP or POMC neuron activation on food consumption in Magel2 deficient mice We initially addressed whether orexigenic features of AGRP neurons were maintained in the absence of Magel2 gene. We first tested the impact of an orexigenic hormone, ghrelin that is known to influence feeding, at least in part, through AGRP neurons (18) . Intraperitoneal injection of ghrelin (0.5 mg/kg) on light cycle increased food intake in both wild-type and mutant mice similarly (>Supplementary Material, Fig. S1 ). This result suggests that the orexigenic machinery responsible for ghrelin dependent feeding effect is still intact in Magel2 null mice.
To further characterize capacity of AGRP-neuron dependent orexigenic phenotype, we used chemogenetic DREADD (E) Cumulative probability of inter-event interval plot for spontaneous activity of POMC neurons from Pomc-cre and Pomc-cre::Magel2 þm/Àp mice in sated conditions. 3A and B) . We stimulated AGRP-hM3D neurons by intraperitoneal injection of the DREADD ligand clozapine N-oxide (CNO) and recorded short-term food intake in 8-10 weeks old male subjects. Acute activation of AGRP neurons provoked robust increase in food consumption in both Agrp-cre or Agrp-cre::Magel2 þm/Àp mice ( Fig. 3C and D) . Body weights of both groups were not significantly different from each other (Fig. 3E) . Thus, AGRP neurons can efficiently promote food intake even in the absence of functional Magel2 gene. Unlike AGRP neurons, POMC neurons in the ARC do not affect short-term food intake but can effectively suppress it over 24-h period upon chronic stimulation (19, 20) . We next explored the impact of prolonged POMC neuron activation on food intake using chemogenetics. Following transduction of POMC neurons in Pomc-cre and Pomc-cre::Magel2 þm/Àp mice with rAAV2/1-EF1a-DIO-hM3D(Gq)-mCherry virus ( Fig. 4A and C) , we monitored food intake for 15 days through daily CNO injections between Days 5 and 10 and saline on other days. Upon CNO delivery, average food intake was significantly suppressed in both Pomc-cre and Pomc-cre::Magel2 þm/Àp mice ( Fig. 4D and E; 8-10 weeks old male subjects). However, the extent of appetite suppression was much weaker in Pomc-cre::Magel2 þm/Àp mice compared with Pomc-cre littermates (Fig. 4F ). There were no significant changes in body weights during saline and CNO treatments in both groups (Fig. 4G) . Collectively, these results suggest that even full activation of POMC neurons in Magel2 null mice fails to effectively reduce long-term food intake.
Discussion
Magel2 null mice have increased adiposity and correspondingly higher circulating leptin levels (9) . Progressive decline in leptin sensitivity through decreased LepR surface trafficking in POMC neurons has been suggested to be a contributing factor for the observed metabolic phenotypes (14) (15) (16) . Consequently, impaired leptin ! POMC neuron signaling would be predicted to cause reduced POMC neuron activity, and therefore hypoactivation of downstream MC4R expressing neurons. Here, we showed that POMC neuron firing properties are significantly altered ( Fig. 2C and F) . We observed that wild-type mice tend to have shorter inter-spike intervals between spikes compared with Magel2-null littermates in POMC neurons. Physiological significance of 'clustered' versus 'sparse' spike distribution is not clear; however, a recent report on in vivo activity of putative POMC neurons showed that shorter inter-event intervals are more common during morning hours, when animals are sated, compared with late afternoon when it is closer to feeding time (21) . Release probability of large dense core vesicles, like those containing a-MSH, increases with spike frequency and this is believed to be owing to calcium accumulation in the axon terminals at higher firing rates (i.e. action potentials arriving in short intervals) (22). Future research will be required to see whether a switch from closely spaced events to longer intervals in Magel2-null mice may cause inefficient a-MSH release. Interestingly, even if POMC neurons could be directly activated, they seem to have partially lost the ability to stimulate downstream neurons to promote satiety. It is notable that the reduced activation of POMC-dependent satiety pathways occurs despite the reported increase in sensitivity to MC4R agonists in these mice (14, 17) , suggesting that the downstream circuits are intact and indeed hyper-responsive to a-MSH release. It is also unlikely that other POMC neuron activated pathways, such as fast neurotransmitter release, might be impaired in Magel2-null mice. This is because lack of Pomc gene or complete ablation of POMC neurons causes similar phenotypes with respect to energy homeostasis, suggesting that POMC gene products constitute the key signaling agents in POMC neurons (23, 24) . Similarly, differential feeding response owing to selective sensitivity of Magel2-null mice to stress (25) is also unlikely to account for the observed impairment of POMC-induced satiety, since we did not detect any significant difference in feeding pattern in response to single housing or repeated i.p. injections between wild-type and Magel2-null animals (data not shown). If the downstream circuits are intact (even sensitized), what then underlies the defective POMC neuron dependent satiety phenotype? Defects in cellular mechanisms responsible for synthesis, packaging or release of a-MSH are among possible candidates. Unlike other PWS mouse models (26, 27) , Magel2-null mice have been shown to contain decreased total number of ARC POMC neurons likely owing to reduced somatic a-MSH synthesis (14) . One implication of this would be decreased number of a-MSH containing terminals in projection target regions as well. Accordingly, two recent reports have shown 2-to 3-fold reductions in a-MSH labeling in paraventricular hypothalamic nucleus, one of the main POMC downstream targets (11, 15) . It should be noted that, in addition to POMC neuron loss, impaired axonal growth may also contribute to the reported reduction in a-MSH containing boutons. Such a noteworthy decline in a-MSH release sites is consistent with our observations that even with extensive chemogenetic activation and hyperresponsive downstream MC4R signaling machinery, POMC neurons fail to effectively suppress appetite in Magel2 deficient background.
Voracious food seeking and consumption seen in PWS patients are reminiscent of acute AGRP neuron activation phenotype seen in mice (19, 28) ; however, deleting Magel2 alone is not sufficient to recapitulate this behavior. Our results showed that, unlike POMC circuits, AGRP neuron activity levels and its ability to adapt energy needs appeared to be normal in Magel2 null mice (Fig. 1) . Furthermore, feeding that is typically observed with AGRP neuron activation is indistinguishable between wild-type and Magel2 deficient animals (Fig. 3) , suggesting that there is no additional sensitization in AGRP neuron circuits. Earlier works have shown higher circulating ghrelin levels in human subjects with PWS (29) , leading to the suggestion that its hypothalamic orexigenic targets, such as AGRP neurons, might be over activated. Similar changes in ghrelin levels have been reported for a PWS mouse model with larger regional deletion (30) but Magel2-null mice appears to have normal active plasma ghrelin levels and normal ghrelin response (11) . Consistently, we did not observe significant difference in ghrelin induced feeding in Magel2-null mice. It is important to note that we only monitored short term appetite related impact of i.p. administered ghrelin, and we cannot rule out possible defects in other ghrelin related functions. Indeed, there is evidence for impaired growth hormone release and IGF1 function in MAGEL2 deficiency (25, 31) . Our work with AGRP neurons suggest that MAGEL2 protein is not essential for normal AGRP neuron evoked appetite nor its absence makes AGRP neuron dependent feeding any more forceful. Unlike AGRP neurons, POMC neurons have limited impact on short-term regulation of appetite (20, 28, 32) . Nevertheless, defective POMC neuron activation phenotype in Magel2 null mice described here would help explain several aspects of PWS, including increased fat mass, reduced activity and infertility. Since some of the previously described Magel2 deficiency phenotypes were sex-specific, future research will be required to see if impaired POMC-satiety pathway extends to female mice. Collectively, our results demonstrate that Magel2 deficient mice have selective loss of function in POMC but not in AGRP neuron circuits. Our results corroborate earlier reports about LepR dysfunction in POMC neurons and provide insight into functional implications of Magel2 deficiency by showing that MAGEL2 is required for both normal activity patterns as well as effective subsequent a-MSH release for MC4R activation. Stock 010714) lines were used. All lines were maintained through mating with C57BL/6 background. To generate Magel2-null Agrp-cre and Pomc-cre mice, females from these Creexpressing driver lines were crossed to male mice carrying Magel2-null copy, Agrp-cre and Pomc-cre controls are chosen from littermates. Mice were given ad libitum access to water and standard mouse chow unless noted otherwise. For electrophysiology, male and female mice were used, while for behavioral experiments only 8-10 weeks old male mice were used.
Materials and Methods

Animals
Stereotaxic rAAV injections
Virus injections were performed as described previously (19) . Briefly, mice were anaesthetized with isoflurane using stereotaxic instrument (David Kopf instruments, Tujunga, CA, USA) and scalp was incised carefully before drilling the skull for injection. Two hundred and fifty to three hundred nanoliters of intracranial injection were performed with a pulled glass pipette (Drummond Scientific, Wiretrol, Broomall, PA, USA) having 40-50 lm tip diameter. Recombinant adeno-associated virus production was conducted as described previously (33) . Cre-dependent AAV vectors rAAV2/1-EF1a-DIO-hM3D(Gq)-mCherry and rAAV2/8-FLEX-GFP were purchased from Addgene http://www.addgene.org/. rAAV2/1-EF1a-DIO-hM3D(Gq)-mCherry (2 Â 10 12 genomic copies/ml) or rAAV2/8- 
Electrophysiology
All ex vivo recordings were done as previously described (19) . Briefly, P45-P50 mice were used for viral infection, after 10-14 days, mice were deeply anaesthetized with isoflurane and decapitated. All slice preparations were performed in early morning hours, unless noted otherwise. 
Food intake analysis
Following two weeks post-operative recovery time, to record food intake of individual animals, mice were single housed for 2 days prior to the feeding analysis to acclimatize to feeding cages and minimize isolation stress. Also animals were handled for a week to minimize handling stress during i.p. injections. Agrpcre, Agrp-cre::Magel2
, Pomc-cre and Pomc-cre::Magel2 þm/Àp mice were injected with hM3D(Gq)-mCherry and fed ad libitum for food intake studies. In the light cycle, food consumption of Agrp-cre and Agrp-cre::Magel2 þm/Àp mice were monitored for 2 h for baseline. Ghrelin is obtained from Bachem. A 2 mg/kg CNO (Tocris) or saline was administered intraperitoneally and food intake was measured for two more hours. For Pomc-cre and Pomc-cre::Magel2 þm/Àp mice, chronic chemogenetic manipulations were performed. Mice transduced with hM3D(Gq)-mCherry were treated with saline, CNO (2 mg/kg) and saline subsequently (and prior to CNO as well), for three times a day with 8 h intervals, 5 days each. Food consumptions and body weights were recorded.
Immunohistochemistry and imaging
Animals were transcardially perfused with 4% paraformaldehyde in 0.1 M pH 7.4 phosphate buffer fixative. Brains were collected and post-fixed with the same solution for 4 h, 75 lm brain sections were obtained with vibratome and washed in 0.1 M phosphate-buffered saline with Triton X-100 (PBST). Brain sections were blocked in 5% normal goat serum/PBST for 1 h in room temperature and overnight incubation was performed at 
Supplementary Material
Supplementary Material is available at HMG online.
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